ABSTRACT: Biodegradable nanoarchitectures, with welldefined morphological features, are of great importance for nanomedical research; however, understanding (and thereby engineering) their formation is a substantial challenge. Herein, we uncover the supramolecular potential of PEG−PDLLA copolymers by exploring the physicochemical determinants that result in the transformation of spherical polymersomes into stomatocytes. To this end, we have engineered blended polymersomes (comprising copolymers with varying lengths of PEG), which undergo solvent-dependent reorganization inducing negative spontaneous membrane curvature. Under conditions of anisotropic solvent composition across the PDLLA membrane, facilitated by the dialysis methodology, we demonstrate osmotically induced stomatocyte formation as a consequence of changes in PEG solvation, inducing negative spontaneous membrane curvature. Controlled formation of unprecedented, biodegradable stomatocytes represents the unification of supramolecular engineering with the theoretical understanding of shape transformation phenomena. P olymeric vesicles, or polymersomes, are spherical bilayered structures formed via spontaneous self-assembly of block copolymers. During self-assembly, hydrophobic forces induce the configuration of amphiphilic copolymers into an energetically favorable state, thereby reducing the system's free energy. Polymersomes are highly versatile structures due to the ability to tune their size, shape, membrane parameters, and surface chemistry.
P
olymeric vesicles, or polymersomes, are spherical bilayered structures formed via spontaneous self-assembly of block copolymers. During self-assembly, hydrophobic forces induce the configuration of amphiphilic copolymers into an energetically favorable state, thereby reducing the system's free energy. Polymersomes are highly versatile structures due to the ability to tune their size, shape, membrane parameters, and surface chemistry. 1−7 Moreover, the ability of polymersomes to encapsulate and compartmentalize functional materials enhances their utility toward nanomedical applications and in generating biomimetic nanosystems. 8−14 In order to enhance the functional capacity of polymersomal technologies, the ability to induce shape transformations is an exciting prospect whereby converting spherical structures into oblates (discs/ stomatocytes) or prolates (tubes) can unlock new opportunities. 15, 16 In particular, stomatocytes, bowl-shaped polymersomes with an opening connecting the "stomach" to the outer environment, are compelling dual-compartmentalized nanostructures capable of encapsulating enzymatic networks toward the formation of complex nanoreactors and nanomotors. 17−25 The bulk of research in this area has up to now focused on reshaping polymersomes comprising nonbiodegradable poly-(ethylene glycol)-block-poly(styrene) (PEG−PS) 24−26 or poly-(ethylene glycol)-block-poly(dimethylsiloxane) (PEG−PDMS) as the main structural element, 22 which has been indispensable in developing our understanding of polymersomal shape transformations. However, the lack of full biodegradability in such systems severely limits their utility in nanomedical applications. 27 Therefore, we look to the utilization of biodegradable copolymers in order to engineer novel copolymeric architectures with tailored shapes. To this end, we have recently presented the shape transformation of biodegradable poly(ethylene glycol)-block-poly(D,L-lactide) (PEG-PDLLA) into prolate nanotubes utilizing a dialysis methodology. 28 However, there remains, until now, no unifying understanding of the chemical basis for this shape transformation process and how a single copolymeric system can be tuned toward both oblates and prolates. Therefore, adopting a molecular engineering approach to making biodegradable stomatocyte nanostructures, utilizing PEG−PDLLA, would close the gap between the theoretical and empirical knowledge of (osmotically induced) polymersomal shape transformations. Herein, we demonstrate the formation of PEG−PDLLA stomatocytes through engineering of the membrane composition in order to induce negative membrane curvature, thereby directing shape transformation via the oblate pathway.
The biodegradability and self-assembly properties of poly-(lactide) copolymers have been reported by a number of authors. 29−31 In our previous work, describing the formation of nanotubular structures from polymersomes comprising PEG 22 − PDLLA 45 copolymers, we highlighted the role of spontaneous curvature (C 0 ) as a critical factor in directing the shape transformation process. Equation 1 describes the bending energy of the membrane (E b ), expressed in terms of the bending rigidity of the membrane (k), the mean surface curvature (C), and C 0 :
Although the role of C 0 in the shape transformations of bilayer membranes has been extensively discussed, there are few reports that actually demonstrate the physicochemical origins of this property in the lab. Formerly, we demonstrated that rigid PEG−PS-based polymersomes can be transformed into stomatocytes by tailoring the self-assembly protocol. Our work toward understanding the thermodynamics of the PEG− PS shape transformation process informed us that, in accordance with existing theory, the role of C 0 is such that values ≥0 or values <0 would direct transformations of spherical polymersomes toward the prolate or oblate pathway, respectively ( Figure 1A) . 32−35 In order to expand our knowledge into shape transformations of in particular biodegradable block copolymers, we first need to fulfill these essential prerequisites: (i) copolymers should form spherical polymersomes, (ii) copolymer rigidity should be sufficient to sustain membrane curvature, and (iii) semipermeability of the membrane should facilitate osmotically induced volume reduction. Thereafter, the physicochemical origins of C 0 (and therefore the shape transformation process) can be investigated through systematic engineering of PEG−PDLLA copolymers, and their self-assembly, toward oblate stomatocyte formation (as a complement to our existing work toward formation of prolate nanotubes, Figure 1A ). Until now, systematic studies into the physical origins of C 0 have been largely performed using lipid vesicles (liposomes).
Computational simulations of liposomes have demonstrated that subtle changes in headgroup interactions (either intermolecularly or with the solvent) between the inner and outer membrane surfaces can induce C 0 , resulting in shape transformations. 36 Practically, it has been shown that liposomal tubulation can be induced through biomolecule binding on the external membrane surface.
33 From this work, we understand that inducing physicochemical anisotropy between the inner and outer envelopes of a vesicular membrane is the key to inducing (and controlling) C 0 and, by association, shape transformations. In contrast to lipids, copolymeric membranes possess hydrated PEG chains at their internal and external surfaces, which can be an excellent chemical handle with which to gain control over shape transformations.
In our previous work, forming nanotubes from PEG 22 − PDLLA 45 polymersomes, we postulated that a membrane comprising 1 kDa PEG and a 15 nm thick PDLLA bilayer was not sufficient to induce substantial C 0 , resulting in prolate formation (upper pathway, Figure 1A ). However, through analogy with the liposomal system, we anticipate that increasing the length of surface PEG chains and increasing the PDLLA membrane thickness will allow us to explore, and control, the shape transformation process toward oblates. It is understood that PEG chain expansion, quantified by the hydrodynamic chain volume (V h ), is dependent on solvent composition, with low-dielectric organic solvents, such as THF (ε = 7.5), having a greater solvating power than water (ε = 78.3). 37 PEG solvation, and thereby the degree of expansion of the polymer chains, can be a powerful tool in conceptualizing the physicochemical origins of C 0 in this system. 38, 39 We postulate that transient changes in PEG conformation arise during the dialysis process, whereby internal and external solvent compositions are disproportionately altered due to the presence of a semipermeable polymeric membrane, providing a steric driving force for the induction of C 0 . Therefore, we anticipate that trans-membrane solvent anisotropy (induced during dialysis, as outlined in Figure S1 ) can result in a partial collapse of external PEG chains (relative to those on the interior) such that V h (int) > V h (ext), thus inducing negative C 0 and directing shape transformation via the oblate pathway toward stomatocytes ( Figure 1B) . In order to realize this strategy, it is necessary to re-engineer PEG−PDLLA polymersomes with respect to (a) increasing the length of surface PEG, in order to induce negative C 0 through anisotropic polymer solvation, and (b) increasing the thickness of the PDLLA membrane, in order to support trans-membrane solvent anisotropy during the dialysis process. However, re-engineering the molecular composition of such a copolymeric system requires a creative strategy due to the limitations encountered in the self-assembly of such amphiphilic molecules into higher-order structures, such as polymersomes.
The engineering of polymersomal shape transformation is inextricably constrained by copolymer self-assembly, which is dictated by geometric (relating to the packing parameter) and environmental factors. 40 Copolymers with the same relative compositions can result in differing morphologies, as, for example, we have previously shown that PEG 22 −PDLLA 45 forms polymersomes in contrast to PEG 44 −PDLLA 90 that forms micelles under the same conditions. 28 In order to create 
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Letter polymersomes that have longer PEG chains and thicker PDLLA membrane, besides systematically varying copolymer block composition, 41, 42 copolymer blending has also proved to be an effective design strategy. 43 In contrast to blending dissimilar copolymers, which can undergo nanophase separation forming polymersomes with uniquely discontinuous surface topology, 44 homogeneous copolymer blends present the opportunity to access otherwise elusive particle morphologies. 45−47 Homogeneous mixtures of micelle-and lamellar-forming copolymers can be coassembled to form nanostructures that are trapped in a local-equilibrium (nonergodic) state because the individual components do not separate out. 46, 47 Moreover, the stoichiometry of mixing between copolymeric components can be tailored in order to isolate a diverse range of colloidal morphologies. 45 We therefore decided to utilize a combination of molecular engineering and blending to construct polymersome membranes with the desired properties.
Block copolymers comprising PEG 22 or PEG 44 and PDLLA of 45, 70, 95, and 120 repeats were synthesized via organocatalyzed ring-opening polymerization with low PDIs (<1.2) and T g values between 21 and 36°C ( Figure S2 and Table  S1 ). 48 As with our previous work, we employed the solvent switch methodology for self-assembly whereby a 10 wt % copolymer solution in THF/dioxane (1:4) was diluted with water up to 50% v/v at a rate of 1 mL/h with stirring. Following self-assembly, shape transformation was induced by cold dialysis (5°C) against aqueous solutions of varying ionic strength ([NaCl] from 0−100 mM) with concurrent (osmotically induced) volume reduction and membrane deplasticization (through removal of organic solvent), key factors in the process. 28 As a starting point for formulation we chose to use an equimolar blend of PEG 22 −PDLLA x and PEG 44 −PDLLA x (hereafter P 22/44 −PDLLA x ) having the same length PDLLA block. Using the aforementioned conditions presented in our previous work with 50 mM NaCl for the dialysis step, we attempted to induce self-assembly and subsequent shape transformation. It was observed that blends of PDLLA 70 and PDLLA 95 both formed stomatosomal structures of ca. 350 and 400 nm, respectively, whereas blends of PDLLA 45 formed micelles (Figure 2A−C) . Without blending, copolymers of PDLLA 70 and PDLLA 95 did not form polymersomes but tended to form aggregates (PEG 22 −PDLLA) and micelles (PEG 44 −PDLLA) instead ( Figure S3 ), which aptly demonstrates the value of blending in providing access to nonergodic polymersomal morphologies. In contradistinction to this, however, although blends of PDLLA 120 were observed to form sponge-phase particles ( Figure S4A) , it was observed that P 44 −PDLLA 120 formed polymersomes ( Figure S4B ) and, thereafter, stomatocytes ( Figure 2D ). Membrane thicknesses of the P 22/44 −PDLLA 70 and 95 and P 44 −PDLLA 120 stomatocytes were measured to be 22, 24, and 30 nm, respectively ( Figure  S5 ). In this way we have successfully demonstrated the formation of stomatocytes with a larger PEG corona and a range of membrane thicknesses (facilitated by varying copolymer composition or blending), in accordance with our prior hypothesis. Further examination of this process was conducted using a combination of cryogenic transmission electron microscopy (cryo-TEM) and light-scattering techniques for the shape characterization of the resulting polymersomal morphologies.
For further characterization, the P 22/44 −PDLLA 95 system was chosen as it represents a composition that was presented in our former work but was unable to form polymersomes without blending ( Figure S6A ). To further understand the shape transformation process, the effect of [NaCl] was investigated in order to explore and quantify the amount of control we could achieve in this process. Dialysis at 5°C against pure water yielded discoidal structures, an intermediate morphology between spheres and stomatocytes, 32 formed through partial volume reduction as a consequence of out flow of organic solvent and partial deflation into insipient oblate structures ( Figures 3B and S6B) . Dialysis against salt solution enhanced polymersome deflation by introducing an increasing osmotic component to the outflow of internal solvent. Using 10 mM NaCl, it was evident that all structures were proceeding via the oblate pathway; however, a heterogeneous mixture of discs and open stomatocytes was formed under these conditions ( Figure  S6C ). A population of well-structured stomatocytes was generated by dialysis against NaCl at 50 and 100 mM, with increasing volume reduction being quantified as the average neck size decreased from 127 ± 60 to 47 ± 25 nm ( Figures  3C−D and S7) . One consequence of the fabrication process, utilizing lab dialysis apparatus, was that in the ripened stomatocyte samples there was a subpopulation of nested polymersomes (where no neck was obvious from cryo-TEM images) that increased from ca. 15 to 25% with dialysis at 50 and 100 mM NaCl, respectively. This represents a shortcoming in the macroengineering, which necessitates more careful control over stirring and solution homogeneity, and is a consequence of the inherent sensitivity in this system. Indeed, dynamic light-scattering (DLS) data indicate that substantial deflation occurs within the first 5 min of dialysis, where the hydrodynamic diameter (D h ) decreased by ca. 40% from 693 to 454 nm (all PDI values were lower than ≤0.1), and a further 6% deflation occurring over the next 30 min, whereafter D h = 414 nm ( Figure 3E ). Indeed, cryo-TEM images support the time course DLS measurements, with insipient stomatosomal structures being formed after 5 min and reaching maturity at 30 min, at which point open-necked stomatocytes are fully formed 
Letter ( Figure S7 ). Quantitative assessment of this process was performed using asymmetric flow field−flow fractionation (AF4) in combination with static (SLS) and dynamic light scattering (DLS), a powerful counterpart to cryo-TEM, which can provide more insight into the shape change process (Table  S2 ). The combination of multiangle SLS and DLS provides data on the radius of gyration (R g ) and hydrodynamic radius (R h ), respectively, for the entire particle population; the ratio of R g /R h , or shape ratio (ρ), provides insight into particle morphology. Elution profiles of P 22/44 −PDLLA 95 polymersomes before dialysis (spheres), after dialysis in water (discs), and 50 mM NaCl (stomatocytes) were in good accordance to previous samples ( Figure 3F ). 18 Significantly, the values obtained were in agreement with the prior observation with discoidal, spherical, and stomatosomal polymersomes having ρ values of 1.25 ± 0.07, 1.08 ± 0.04, and 0.82 ± 0.04, respectively. 17−19 Having successfully demonstrated the formation of stomatocyte nanostructures, a final demonstration of control in this system was to induce the reverse process. Through the readdition of organic solvent, at 50 vol % (1:4 THF/dioxane), rigid stomatocytes can be reverted to spherical polymersomes by reverse dialysis (in 50 mM NaCl at 5°C). As the organic solvent replasticizes the PDLLA membrane it facilitates inversion as the system reverts to its (energetically favorable) spherical state over the course of 1−2 h (Figures 4  and S9) .
In summary, we have demonstrated the controlled formation of biodegradable stomatocytes through the osmotically induced shape transformation of PEG−PDLLA spherical polymersomes. Spherical polymersomes were constructed by rational engineering of both the molecular composition and fabrication process, giving control over the length of surface PEG and membrane thickness. In contrast to our former work on PEG− PDLLA nanotubes, the structural characteristics of this system successfully directed the osmotically induced shape transformation down the oblate, rather than prolate, pathway. This work demonstrates that subtle changes in the chemical composition of such self-assembled architectures can have significant consequences for their physicochemical properties. Control over this shape transformation process was demonstrated by the reversibility of the system, where spherical polymersomes could be obtained by admixing organic solvent. This conceptually new approach to form stomatosomal structures from biodegradable PEG−PDLLA copolymers not only aids in deepening our fundamental understanding of shape transformations of polymersomes but also is a crucial step toward developing versatile biodegradable nanosystems, such as nanomotors and nanoreactors, in a biomedical context. 

